Growth factor deprivation-induced apoptosis plays an important role in several cellular systems. However, knowledge of the molecular mechanisms involved are restricted to a few murine models or tumor cell lines. Therefore, we aimed studying signaling pathways leading to apoptosis in activated human peripheral T cells after IL-2 withdrawal. Lymphoblasts from patients with CD 95 (Fas/APO-1)-deficiency revealed that functional CD95 was not required to induce apoptosis after IL-2 withdrawal. Moreover, apoptosis induction in response to various cytotoxic stimuli was found to be mediated in the absence of functional CD95 but was affirmatorily influenced by IL-2 signaling. Immunoblots showed no downregulation of Bcl-2 or Bcl-x L and no upregulation of Bax, whereas decreased mitochondrial membrane potential was readily measurable 24 h after cytokine deprivation. Tetrapeptide inhibitors showed limited efficacy in preventing apoptosis whereas the caspase inhibitor zVAD-FMK potently blocked induction of apoptosis. Cleavage of different fluorogenic substrates revealed multiple caspase enzyme activities in lymphoblasts, which were not negatively affected by the fas mutation. Starting at 8 h after IL-2 withdrawal, upregulation of active caspase-3 but not of caspase-8 could be detected. Taken together, our data argue for molecular mechanisms of cytokine deprivation-induced apoptosis in activated human lymphocytes independent of CD95. Cell Death and Differentiation (2000) 7, 538 ± 547.
Introduction
Apoptosis, a genetically programmed mechanism for elimination of cells in response to various stimuli, is a fundamental process in multicellular organisms for normal development of different tissues including the immune system in higher vertebrates and man. 1, 2 During an immune response, cells of the appropriate antigenic specificity must undergo clonal expansion to yield a protective response, and cells participating in inflammatory immune response need to have the capacity to survive at sites of inflammation. However, upon completion of a successful response, the majority of activated cells must be eliminated in order to maintain the homeostasis of the organism. 3, 4 The Fas(APO-1/ CD95)/Fas ligand (FasL) system is thought to play a central role in activation-induced cell death (AICD), and the Fas-dependent signaling cascade was extensively studied in this cellular model. Fas is highly expressed on activated mature T cells, 3, 5 and stimulation with FasL or agonistic antibodies leads to the autocatalytic activation of caspase-8 (FLICE/MACH). 6 This member of the ICE-protease family initiates a proteolytic cascade of intracellular signaling events that cause the activation of other ICE-related proteases like caspase-3 (CPP32/ apopain/Yama) and subsequent proteolysis of vital substrates (e.g. lamin, actin, U1snRNP and poly(ADP-ribose) polymerase (PARP)) which finally leads to the death of the cell (reviewed in 7, 8 ).
Mice bearing a mutation in the lpr or gld gene loci which encodes for murine Fas and FasL, respectively, develop a lymphoproliferative disease associated with an SLE-like autoimmune disorder. 9 The Fas/FasL system was also extensively analyzed in human lupus. However, patients with SLE do not appear to have a defect in Fas or FasL expression or function. 10, 11 On the other hand, different transgenic murine models on the lpr/lpr background provided evidence for Fas independent mechanisms leading to apoptosis in activated T cells. 12 ± 15 However, this has not been shown in a model system using human cells.
IL-2 was shown to play a critical role in AICD in models employing T cells undergoing apoptosis after T cell receptor stimulation. 16, 17 Fournel et al. 18 reported that human T cells require IL-2 to acquire susceptibility to Fas-mediated apoptosis. This confirms similar observations in mice deficient for IL-2 or IL-2R in which impaired apoptosis induction through Fas was found. 19 ± 21 On the other hand, IL-2 is known as a pluripotent pro-inflammatory cytokine that serves as an important survival factor preventing apoptosis in several cellular systems 22 ± 24 including activated T cells. 25, 26 The complexity in the regulation of apoptosis, with the same growth factor promoting both, prevention or induction of programmed cell death dependent on the cellular activation status, lead to the theoretical concept of so called propriocidal regulation of apoptosis as proposed by Lenardo et al. According to this theory, IL-2 provides feedback susceptibility to`active' (Fas-or TNFdependent) and`passive' (survival factor withdrawal) apoptosis. 27 Therefore, we aimed studying apoptosis induction in matured human peripheral lymphocytes under conditions of growth factor deprivation after activation with PHA and IL-2. We raised the question whether Fas, members of the Bcl-2 family and caspases are involved in the induction of apoptosis in our model system. Our data do not only confirm characteristics in the regulation of apoptosis in T cells which have been previously elucidated in different transgenic mouse strains or murine tumor T cell lines, but provides further insights in the mechanisms leading to apoptotic cell death in activated human T lymphocytes after cytokine deprivation.
Results

PHA blasts are susceptible to Fas-mediated and IL-2 withdrawal-induced apoptosis
We and others have recently shown that PHA stimulation of PBMC leads to upregulated surface expression of Fas. 5, 28 We did not observe quantitative changes in Fas surface expression thereafter, including the period before the addition of exogenous IL-2 at day 6 or after growth factor withdrawal. 28 These cells also show upregulated Fas-ligand expression as assessed by immunoblotting (unpublished observation). It is proposed that IL-2 is not involved in the regulation of Fas or FasL expression but is required to render human T cells susceptible to Fas-mediated apoptosis. Therefore, in a first set of experiments we investigated, whether in our cellular model the PHA-activated lymphoblasts (PHA blasts) underwent apoptosis through Fas engagement under different culture conditions. The IL-2-deprived cells were incubated in the presence or absence of an apoptosisinducing anti-Fas mAb (clone CH 11, 0.5 mg/ml) with or without IL-2 substitution as indicated in Table 1 . PHA blasts readily underwent apoptosis after complete IL-2 withdrawal (medium), and additional stimulation with anti-Fas mAb could further increase the number of apoptotic cells. However, the difference between deprivation-induced and Fas-mediated apoptosis diminished when apoptosis was measured after prolonged incubation (72 h). IL-2 at optimal concentrations could effectively prevent induction of apoptosis in activated lymphoblasts after growth factor withdrawal in a dosedependent fashion. Although the anti-Fas mAb was able to increase the rate of apoptosis in the presence of IL-2, it did not attain the levels of apoptosis in complete IL-2 deprived cells. Based on these data we hypothesize that the intracellular IL-2 and Fas signaling pathways can interfere with each other in activated lymphoblasts.
Functional Fas expression is not required to induce apoptosis in activated lymphocytes after growth factor deprivation
In order to test this hypothesis we next investigated whether Fas/FasL interaction is required for induction of apoptosis after IL-2 deprivation. To this end we used an antagonistic Fas mAb (clone SM1/23) or a mAb against FasL (clone NOK-1) to block Fas/FasL interaction and therefore abrogate Fasmediated induction of apoptosis. Both antibodies were first tested in concentrations up to 10 mg/ml in Jurkat cells treated with the inducing anti-Fas mAb CH 11 (1 mg/ml) or sFasL (100 ng/ml). Effective inhibition of Fas-mediated apoptosis induction was already observed using 5 mg/ml of the blocking antibodies (data not shown). Next we investigated whether these antagonistic antibodies could effectively block specific Fas-mediated apoptosis in our cellular model. In parallel to our experiments shown in Table 1 , cells were deprived of growth factor and cultured with low amount of IL-2 (1 U/ml) to obviate deprivation-induced apoptosis and allow specific Fasmediated induction using anti-Fas mAb CH 11 (1 mg/ml,) or sFasL (100 ng/ml). As shown in Figure 1A the antagonistic antibody SM1/23 was able to block Fas-mediated apoptosis. The sFasL binding antibody NOK1 was also able to abrogate Fas/FasL interaction and diminished sFasL-induced apoptosis. However, it failed to inhibit the CH 11 antibody-mediated induction of apoptosis ( Figure 1A ). In contrast, neither SM1/23 nor NOK1 were able to reduce the rate of apoptosis which was induced due to complete deprivation of growth factor in our cellular model ( Figure 1B) .
To further support our evidence for a Fas-independent induction of apoptosis after cytokine withdrawal in activated human lymphoblasts, we compared PHA blasts generated from two individuals with a single fas gene mutation with PHA blasts derived from healthy donors (NHD). The fas gene mutations in these patients lead to an amino acid exchange at position 268 from glutamine to prolin but do not affect normal surface expression of CD95. 29 After extensive washing PHA blasts were incubated with 1 U/ml IL-2 in the presence or absence of 1 mg/ml of the apoptosis-inducing anti-Fas mAb or left unstimulated as indicated ( Figure 2A ). Cytokine deprivation-and Fasmediated induction of apoptosis was measured after 24 h. The data shown in Figure 2A indicate that the fas mutation abrogates the ability of the anti-Fas mAb to induce apoptosis in PHA blasts from these individuals, whereas in cells from NHD, Fas stimulation readily increased percentage of apoptotic cells. Similar results were seen using sFasL (data not shown). Importantly, however, unstimulated lymphoblasts from all individuals tested showed enhanced rates of apoptosis at 24 h without differences between patients and their matched controls ( Figure 2A ). Furthermore, prolonged incubation of these lymphoblasts in the presence or absence of IL-2 (10 U/ml) again did not indicate differences in the percentage of apoptotic cells ( Figure 2B ). Together, these data indicate that induction of apoptosis by growth factor deprivation in activated human lymphoblasts does not require expression of functional Fas. Furthermore, we tested different cytotoxic stimuli, like etoposide, dexamethasone, g-irradiation and UV-irradiation which were described to CD95-independently induce apoptosis in lpr mice or a CD95-resistant cell line. 15, 30 Consistent with the findings in other cellular models these agents induced apoptosis in PHA-activated human lymphoblasts derived from the patients with the fas gene mutation comparable to PHA blasts from normal healthy donors ( Figure 3 ). IL-2 again rescued a significant number of lymphoblasts from apoptosis in the presence of dexamethasone, or after g-irradiation, UV-irradiation and ± to a lesser extent ± after treatment with etoposide ( Figure 3 ). According to previous observations in mouse models we conclude that there are various ways to induce apoptosis in the absence of functional CD95. However, the proapoptotic mechanisms tested are still controlled by survival signals as mediated by IL-2.
Cytokine withdrawal leads to mitochondrial changes without regulating expression of Bcl-2, Bcl-x L or Bax Based on the finding that cytokine withdrawal-induced apoptosis seems to be independent of CD95, we next aimed at studying the intracellular signaling events after cytokine deprivation leading to programmed cell death in human lymphoblasts. Bcl-2 and Bcl-x L were shown to be regulated by IL-2 and potently inhibit dexamethasone-or g-irradiationinduced apoptosis as well as cytokine deprivation-induced apoptosis. 15,31 ± 35 It is suggested that both factors inhibit apoptosis on the level of mitochondrial function which is discussed to be one of the very early markers for the point-ofno-return. 36 Since in previous studies a decline in the expression of Bcl-2 or Bcl-x L was thought to be responsible for onset of apoptosis, 31, 37 we wondered whether in our cellular model cytokine deprivation leads to the reduction of mitochondrial transmembrane potential (DC m ). As shown in Figure 4 , growth factor withdrawal-induced apoptosis leads to a similar decrease in mitochondrial transmembrane potential as seen after Fas engagement. In parallel to the apoptosis inhibitory potential of IL-2 less Fas-mediated reduction of DC m was observed in the presence of IL-2 ( Figure 4 ).
Next, we investigated the expression of the mitochondrial function-regulating molecules Bcl-2, Bcl-x L and Bax. Cell lysates from freshly isolated PBMC or PHA-activated human lymphoblasts prepared at different time points after cytokine withdrawal were subjected to immunoblotting. As shown in Figure 5 we found no differences in the expression levels of Bcl-2, Bcl-x L and Bax during the process of apoptosis-induction after IL-2 deprivation. However, PHA-activated lymphoblasts showed upregulated expression of Bcl-x S compared to PBMC, with the expression level revealing no profound increase during the apoptotic process.
Requirement for proteases of the caspase-family in IL-2 deprivation-induced apoptosis
Several studies highlighted the importance of caspases as intracellular transmitters of the pro-apoptotic signaling cascade. They showed that CPP32-like and ICE-like proteases are required for committing cells to undergo apoptosis in response to various stimuli. 38, 39 To investigate the role of caspases for induction of apoptosis in PHA blasts deprived of growth factors, we first tested different ICE-like protease inhibitors with different substrate specificities. Ac-YVAD-CHO is a highly potent caspase-1 (ICE) inhibitor (K i =0.76 nM) but a poor inhibitor of caspase-3 (K i =10 mM), Ac-DEVD-CHO is an excellent inhibitor of caspase-3 zVAD-FMK is a potent, non-reversible inhibitor which was shown to inhibit the processing of several caspases and possibly inhibits a caspase close to the initiation site of the apoptotic cascade. 7 We tested different concentrations of the inhibitors in our system to obtain optimal inhibition (data not shown). For the following experiments we used 200 mM as the optimal concentration of each inhibitor. Both tetrapeptide inhibitors were less effective in preventing apoptosis induction, but still reduced the rate with statistical significance, whereas zVAD-FMK was as effective as 10 U/ml IL-2 in decreasing apoptosis ( Figure 6 ). From these results we suggested that several caspases are involved. To delineate the role of caspases involved in deprivation-induced apoptosis more clearly, we tested cell lysates from IL-2 deprived PHA blasts for caspase enzyme activity. To this end, we used fluorogenic substrates with different specificities for the known caspases and monitored the enzymatic catalyzed release of the fluorochrome in a spectrofluorometer. 40, 41 In cell lysates from ND we found the highest cleavage activity for the release of fluorochrome from the substrate DEVD-AFC which reveals a predominant caspase-3 or -7 like activity. This activity could be blocked completely when the caspase specific inhibitor Ac-DEVD-CHO was added to the assay (data not shown). Caspase activity was also seen for cleavage of VDVAD-AMC (a substrate for caspase-2, but also cleaved by caspase-3 and -7), IETD-AMC (caspase-6, -8 and granzyme B) and VEID-AFC (caspase-6). In cell lysates from ND almost no release of fluorochrome from WEHD-AMC, a substrate for caspase-1, -4 or -5 could be observed ( Figure 7) . We also tested cell lysates from one CSS-patient (bearing the fas gene mutation) to examine whether recruitment and activity of different caspases might be modified due to the Fas-deficiency. Comparable cleavage activities were found for DEVD-AFC and IETD-AMC. In contrast, in the cell lysate from the CSS-patient increased enzyme activities compared to the cell lysate from ND were found for cleavage of VEID-AFC and VDVAD-AMC. Interestingly, a perceptible release of fluorochrome from WEHD-AMC was also monitored (Figure 7) . In order to further specify caspases responsible for the observed cleavage activity, we analyzed the expression of caspase-8 (FLICE), caspase-3 (CPP32/apopain/Yama) and the expression of PARP as a known substrate of caspase-3. PHA blasts were deprived of growth factors and 1610 7 cells were lysed at different time points after withdrawal as indicated in Figure 8A . FLICE was described to be predominantly expressed as two functionally active isoforms, caspase-8/a and caspase-8/b. Stimulation through CD95 lead to rapid recruitment and cleavage of both isoforms. 6 In growth factor deprived PHA blasts without further stimulation we also found both isoforms expressed with unaltered expression quantities at any time after the cytokine withdrawal ( Figure 8A ). On the other hand, we could only detected upregulated expression of procaspase-3 Figure 8A ). This upregulated expression of active caspase-3 was paralleled by decreased expression of PARP ( Figure 8A ). As a positive control for procaspase-8 (FLICE) recruitment, we stimulated Jurkat cells or lymphoblasts with the agonistic anti-Fas mAb CH11. As shown in Figure 8B , stimulation through CD95 leads to rapid cleavage of procaspase-8/a and 8/b. again highlighting differences between growth factor withdrawalinduced and Fas-mediated apoptosis in human lymphoblasts on the molecular level.
Discussion
In the current study critical regulatory mechanisms for the induction of apoptosis after IL-2 withdrawal in activated human peripheral (non-lineage) lymphocytes were investigated. In the model applied, apoptosis induced by IL-2 withdrawal in vitro might resemble the in vivo situation when cytokine levels decrease after antigen clearance. Under those circumstances growth factor withdrawal-induced apoptosis should be an important mechanism to remove the large pool of antigen-specific effector cells in situations where antigen concentration and presentation alone cannot maintain the immune response and antigen-specific lymphocytes have been kept vital and expanding through lymphokine signaling. In this regard, IL-2 is thought to play an important role for a feedback mechanism of cell death control termed propriocidal regulation. 27 It has been demonstrated, that IL-2 is exclusively essential in acquiring susceptibility to Fas-induced apoptosis. 18, 19 However, as new members of the TNF receptor family with intracellular death domains are identified, apoptosis in activated T lymphocytes might not depend on Fas-FasL interaction alone. Moreover, lymphokine withdrawal is presumed to represent a differentially regulated form of apoptosis induction. 15, 27, 42 We could show that PHA blasts were susceptible to apoptosis induction through Fas engagement and IL-2 deprivation. Moreover, Fas-mediated apoptosis was delayed by supplementation of IL-2 in a dose-dependent fashion. This clearly shows an interdependence of pro-and anti-apoptotic signals in human lymphoblasts. Therefore, we raised the question whether in our system Fas/FasL interactions are directly involved in the induction of apoptosis after cytokine withdrawal. Two lines of evidence strongly argue against an involvement of Fas: first, Figure 3 Comparison of different cytotoxic stimuli on apoptosis induction in PHA blasts from one CSS-patient with a fas gene mutation and a normal healthy donor (ND). A total of 4610 5 cells per well were incubated as indicated and PI staining was performed after 72 h Figure 4 Fluorescence-histograms of DiOC 6 -staining for measuring mitochondrial transmembrane potential (DC m ) in PHA blasts after cytokine withdrawal. Cells were incubated as indicated and DC m was evaluated after staining with DiOC 6 after 24 h as described in Materials and Methods. The percentage of cells with decreased DC m is indicated in each histogram. The results shown are from one representative out of three separate experiments 15 Furthermore, blocking the function of FADD, which appears essential for apoptosis induced by several known death receptors revealed no effect on IL-2 deprivation-induced apoptosis. 43, 44 Together, these data provide strong evidence that cytokine deprivation-induced apoptosis does not require functional Fas expression or signaling in activated T cells. Normal sensitivity to various cytotoxic stimuli in lpr/lpr mouse models 12 ± 15 or a CD95-resistant cell line 30 were also described. Using dexamethasone, etoposide, UV-and g-irradiation we could confirm Fas-independent induction of apoptotic cell death for these agents also in activated human peripheral (non-lineage) lymphocytes. Moreover, these mechanisms of apoptosis induction were still affected by anti-apoptotic signaling properties mediated by IL-2 signals.
A main question remains to be elucidated. How is loss of signaling through the IL-2 receptor linked to activation of the apoptotic cascade and especially to the recruitment of an initial caspase? From the IL-2 effects mediated through interaction with its specific receptor, activation of tyrosine kinases (including src-and Jak-kinases), serine-threonine kinases, lipid kinases (phosphatidylinositol 3-kinase) and activation of p21 ras are more or less well defined. 32 After the initial cytoplasmic events mediated by these molecules, transcription factors including Stat factors, c-myc, c-fos and c-jun are also activated, which probably control expression of genes involved in apoptosis regulation like bcl-2, bcl-x L and others. Bcl-2 and Bcl-x L have been shown to inhibit (CD95-independent) forms of apoptosis induced by various stimuli, including growth factor withdrawal. 15,34 ± 36 How these factors mediate their anti-apoptotic effect is still unclear. It has been suggested that altered Bcl-2 activity leads to mitochondrial permeability transition (pore formation) and release of apoptogenic activators like cytochrome c and apoptosis-inducing factor (AIF) with subsequent activation of caspases. 45, 46 A decline in Bcl-2 or Bcl-x L protein expression or function has also been correlated to the induction of apoptosis after growth factor withdrawal. 31, 37 On the protein level we could not detect changes in Bcl-2, Bcl-x L or Bax expression after IL-2 withdrawal ( Figure 5 ). However, we found loss of mitochondrial (Figure 4 ). One possible mechanism was found in IL-3-dependent cell lines, where IL-3 maintains phosphorylation of the proapoptotic BH-3-only Bcl-2 family molecule BAD through the PI-3K/Akt pathway. 47 However, in our cellular model blocking of the PI-3K/Akt pathway was not sufficient to induce apoptosis (unpublished observation). In general, BH-3-only proteins are thought to exert proapoptotic activity by binding to Bcl-2 or its homolog thus neutralizing their anti-apoptotic function. For another member of this Bcl-2 subfamily, Bid, it was shown that the release of a 15 kDa fragment of Bid cleaved by caspase-8 or other caspases could mediate mitochondrial damage. 48 ± 50 The cowpox virus-encoded serpin-like protease inhibitor crmA protects cells from death receptorinduced apoptosis by blocking caspase-activity. However, since it was shown that crmA was not able to block IL-2 deprivation-induced apoptosis in activated T lymphoblasts in a mouse model, 42 it is unlikely that a caspasedependent, death receptor-mediated process initiates apoptosis-induction after cytokine withdrawal. In this regard, the recent observation of the proapoptotic activity of the BH3-only protein Bim and the effects seen in Bim knock-out mice could be helpful. 51, 52 Bim activity is regulated by interaction with the LC8 cytoplasmic dynein light chain and several apoptotic stimuli including cytokine withdrawal lead to the translocation of Bim and LC8 from the dynein motor complex to Bcl-2 and to the neutralization of its antiapoptotic activity. This process did not require caspase activation, however, it was found that the multipotent caspase inhibitor zVAD-FMK inhibited cell death without affecting Bim translocation. 53 Therefore, it is suggested that this process constitutes an initiating event in apoptosis signaling. This model would also fit to our finding of apoptosis inhibition in our cellular model by zVAD-FMK ( Figure 6 ).
Amongst other intracellular regulators, which are thought to play a key role in executing apoptosis in response to a wide range of different stimuli, the members of the cysteine protease family (the caspases) are the best examined. Until now, at least 11 members of this family with sequence homology to the C. elegans gene ced-3 have been identified in human cells. Through adapter molecules, such as FADD (Fas-associated death domain protein) for Fas signals, cell death receptors are directly linked to caspases, which are subsequently activated. However, the precise role of all known caspases in different cell death pathways and various cell types is still poorly understood. For example, in Rat-1 fibroblasts, apoptosis is not completely abrogated by the inhibition of caspases. 54 Vasilakos et al. 55 previously reported that ICE-like protease is not involved in IL-2 deprivation-induced cell death in the mouse cell line CTLL-2. In contrast, recent published papers suggest that different protease family members are likely to be critical in different cytokinedependent murine T cell lines. 39, 56 Therefore, we analyzed caspase cleavage activity in our cellular model after cytokine deprivation. We found substrates with different specificities to known caspases to be cleaved when incubated with cytoplasm from lymphoblasts after cytokine withdrawal. However, from previous published studies which tried to define substrate specificities of the caspase family proteases it is known that they have partially overlapping or even identical substrate specificities suggesting redundant effector functions in vivo. 40, 41 As for the above substrates described, WEHD is the shared recognition sequence for caspase-1, -4 and-5. Caspase-3 and -7 identically recognize DEVD and additionally recognize VDVAD-AMC as a substrate which is also cleaved by caspase-2. According to the proposed role for cleavage of lamin A, VEID-AFC seemed to be preferentially cleaved by caspase-6. But also IETD-AMC could be cleaved by caspase-6 in addition to caspase-8 and granzyme B.
This cleavage activity was also present in cells from a CSS-patient with a fas gene mutation which further indicates that intracellular pathways mediating apoptosis are not negatively affected by this mutation. Furthermore, T Hieronymus et al since we could show increased spontaneous in vitro apoptosis of CD4 + , CD8 + and CD4 7 CD8 7 (double negative) T cells in the patients with the fas mutation, 29 our results of enhanced cleavage activities for some of the used caspase substrates in the lysates from one of these patients might argue for compensatory, CD95-independent pathways leading to apoptotic cell death in those patients.
To point out the role of specific caspases in our model the expression of caspase-8, caspase-3 and the expression of PARP as a known substrate of caspase-3 in activated peripheral human T lymphocytes after IL-2 withdrawal were analyzed. FLICE (caspase-8) is predominantly expressed as two functionally active isoforms, caspase-8/a and caspase-8/b, and stimulation through Fas leads to rapid recruitment and cleavage of both isoforms in the cell lines tested. 6 We were able to confirm this in Jurkat T cells and PHA blasts treated with anti-Fas mAb ( Figure 8B ). By contrast, in PHA blasts expression but not activation of either isoforms at any time after IL-2 withdrawal could be observed ( Figure 8A ). Caspase-3 expression could not be observed in human lymphoblasts after activation. In contrast, induction of apoptosis by IL-2 withdrawal is preceded by an upregulation in procaspase-3 expression along with upregulated expression of the p17 subunit of the active complex. These changes were accompanied by degradation of PARP. Thus, our data strongly argue for an involvement of caspase-3 in the execution of apoptosis in our model, whereas caspase-8 might play a minor role, again highlighting differences between growth factor withdrawal-induced and Fas-mediated apoptosis in human lymphoblasts on the molecular level.
Materials and Methods
Cell preparation
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized peripheral blood by Ficoll-Hypaque (BAG, Lich, Germany) density gradient centrifugation, washed twice with PBS, and resuspended in RPMI 1640 (Gibco BRL, Eggenstein, Germany) supplemented with 4 mM L-glutamine, 10 mM HEPES buffer, 100 U/ ml penicillin, 100 mg/ml streptomycin (all BioWitthaker, Verviers, Belgium), and 10% (v/v) heat-inactivated fetal calf serum (FCS) (Gibco BRL). For generation of PHA blasts, freshly isolated PBMC were activated with 1 mg/ml phytohemagglutinin (PHA) (Sigma Chemical, Deisenhofen, Germany) and IL-2 (10 U/ml, Boehringer Mannheim, Mannheim, Germany) for 6 days with medium being replenished every 2 days. Thereafter, cells were expanded with 10 U/ ml IL-2 alone for at least another 2 days. Resulting PHA blasts were extensively washed and cultured as indicated. anti-Bax antibodies, the tetrapeptide inhibitors of ICE-like proteases (Ac-DEVD-CHO and Ac-YVAD-CHO), were obtained from Calbiochem (Bad Soden, Germany). The caspase inhibitor Z-Val-Ala-Asp(OMe)fluoromethylketone (zVAD-FMK) and the fluorogenic caspase substrates Ac-VDVAD-AMC, Ac-WEHD-AMC and Ac-IETD-AMC were obtained from Alexis (Gru È nberg, Germany). The fluoregenic caspase substrates Ac-DEVD-AFC and Ac-VEID-AFC were purchased from Pharmingen.
Antibodies and reagents
Quanti®cation of apoptosis
Microscopic examinations of the cell cultures prone to undergo apoptosis revealed morphological changes like zeiosis. For quantification of apoptosis, DNA staining with propidium iodide (PI) (Sigma Chemical, Deisenhofen, Germany) and flow cytometry analysis were performed as previously described. 57 In brief, 4610 5 cells were pelleted with 2006g and gently resuspended in 150 ml hypotonic fluorochrome solution of 50 mg/ml PI in 0.1% (w/v) sodium citrate plus 0.1% (v/v) Triton X-100 (Sigma Chemical, Deisenhofen, Germany). After a minimum period of 6 h in the dark at 48C, samples were analyzed on a FACScan (Coulter, Hialeah, FL, USA). The percentage of apoptotic cells was calculated as follows: percentage of cells with subdiploid DNA content6100 divided by percentage of all cells positive for PI-staining.
In some experiments detection of phosphatidylserine exposure on the surface of the cell membrane as an early marker of apoptosis was used as an alternative read-out for apoptosis. Cells were incubated with FITC-conjugated Annexin V following the manufacturer's protocol (Alexis, Gru È nberg, Germany) and subsequently analyzed by flow cytometry.
Cyto¯uorometric analysis of mitochondrial transmembrane potential (DC m )
To measure DC m cells were labeled with 100 nM of the cationic lipophilic fluorochrome 3,3' dihexyloxacarbocyanine iodide (DiOC 6 ) (Molecular Probes, Eugene, OR, USA) for 20 min at 378C and immediately analyzed by flow cytometry for fluorochrome incorporation as described. 36 In control experiments, cells were stained in the presence of 200 mM of the DC m uncoupling agent carbonyl cyanide mchlorophenyl-hydrazone (mClCCP; Calbiochem, Bad Soden, Germany).
Spectro¯uorometric analysis of caspase enzyme activity
Total protein lysates from 1610 7 PHA-activated and IL-2-expanded lymphoblasts were prepared at 48C using lysis buffer containing 50 mM Tris pH 7.6, 150 mM NaCl and 1% (v/v) Triton X-100. Supernatants were clarified by centrifugation for 10 min at 10 0006g at 48C and protein concentration was determined using a Bradford method protein assay kit. To determine caspase enzyme activity in the cell lysates equal amounts of the total protein preparation were assessed to spectrofluorometric monitored release of fluorochromes from caspase specific substrates in a PTI spectrofluorometer (PTI, Toronto, Canada). The system was equilibrated with 1 ml assay buffer containing 20 mM HEPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% CHAPS and 10% sucrose, pH 7.2 and the fluorogenic substrate (final concentration 2 mg) for 5 min at 378C prior addition of 100 mg of the total protein preparation. Release of AMC or AFC was monitored continuously at 378C using an excitation wavelength of 380 nm and an emission wavelength of 460 nm for AMC and an excitation wavelength of 400 nm and an emission wavelength of 505 nm for AFC, respectively.
Western blot analysis of protein expression
IL-2 expanded PHA blasts were extensively washed and aliquots of 1610 7 cells were cultured in medium. Cells were lysed after the indicated time in lysis buffer containing 50 mM Tris pH 7.6, 150 mM NaCl, 5 mM EDTA, 0.5% (v/v) NP-40, 1% (v/v) Triton X-100, 1 mM sodium vanadate, 1 mM phenylmethane-sulfonyl fluoride (PMSF), 10 mg/ml aprotinin, 10 mg/ml pepstatin and 10 mg/ml leupeptin at 48C for 1 h (all reagents from Sigma Chemical, Deisenhofen, Germany). Supernatants were clarified by centrifugation for 10 min at 10 0006g at 48C. Protein concentration was determined using a Bradford method protein assay kit (Bio-Rad, Munich, Germany). Twenty mg of total protein lysates from each sample were boiled in 26SDS sample buffer for 5 min and resolved by SDS ± PAGE. Immunoblots were performed by semi-dry transfer from the proteins onto nitrocellulose membranes. Unspecific binding sites were blocked in freshly prepared 5% nonfat dry milk in PBS/0.1% Tween 20 for at least 30 min at RT. One mg/ml of the specific antibody as indicated was incubated in blocking buffer overnight at 48C. Subsequently, 1 mg/ml horseradish peroxidaseconjugated goat anti-mouse IgG was added in blocking buffer for 1.5 h at RT. Detection was performed using enhanced chemiluminescence (ECL, Amersham, Braunschweig, Germany).
